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Supplementary Methods
Resonance Assignment.
The first necessary step to study the conformation of the 2'-5' AG1 branch forming ribozyme was the assignment of its Other experiments, such as 3D 13 C-edited/
13
C-filtered base-selective NOESY 6 and 3D
HCCH-COSY, were performed as well, but did not contribute substantially to the assignment. We also performed the experiments listed above on other three samples: In order to resolve residual ambiguities in the assignment, the following eight mutant RNAs were synthesized: G2A; A33G; A40G & U56C; G49C, A50C, U51C, A52U, U53C.
Mutant RNAs were selectively 13 C, 15 N A-, U-, C-or G-labeled, depending on the nucleotide type subject to mutation (i.e. the G2A mutant RNA is 13 C, 15 N G-labeled).
Thus, single nucleotide substitutions cause the disappearance of the relative resonance peaks in the NMR spectra of the selectively labeled samples. The analysis of the spectra was complicated by the occurrence of chemical shift perturbations for several residues in spatial proximity to the mutated nucleotide. Despite these difficulties, spectral analysis of the mutant RNAs helped to confirm the assignment.
Non-canonical base pair topology. Nevertheless, one piece of information can be derived from the 3D HCNN-COSY
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experiments: the N7 atoms of adenosines or guanosines are not involved in hydrogen bonds, as no correlation is observed in the 3D HCNN-COSY for H8-C8 atom pairs.
To infer the geometry of the non-canonical base pairs, we separated them in two groups (A8·A20 and A7·C21) and (G2·A26, A3·A25 and A4·A24), consisting of neighboring base pairs. Determination of the base pair geometry in the (A8·A20 and A7·C21) group: we performed structure calculation of the 2'-5' AG1 lariat forming ribozyme without imposing any restraints on hydrogen bonds between A8 and A20 or A7 and C21, but imposing coplanarity of the base-paired rings. 9 of the lowest 20 energy structures formed an A8·A20 base pair. The NOEs drove the geometry of this base pair to cis WC-WC with a clear preference for the A8-N1 -A20-N6 hydrogen bond (75% of the structures) over the A8-N6 -A20-N1 variant. Similarly, the NOEs determined the geometry of the A7·C21 base pair as cis WC-WC with a hydrogen bond between A7-N6 and C21-N3.
Determination of the base pair geometry in the (G2·A26, A3·A25 and A4·A24) group.
Analogously to what described for the previous group, structure calculations for the 2'-5'
AG1 lariat forming ribozyme were performed without imposing any hydrogen bond between G2 and A26, A3 and A25 or A4 and A24, but restraining the co-planarity of the rings involved in base pairs. 13 of the lowest 20 energy structures formed an A4·A24 base pair. In 50% of the structures the A4·A24 base pair involved the N1 of A4 as acceptor in the cis WC-WC geometry, while in the other 50% the A4·A24 base pair was cis WC-SE with hydrogen bonding A4-N6 -A24-N3. This second geometry cannot be easily accommodated in a helix; in fact, in all structures with the A4·A24 base pair in the cis WC-SE geometry, neither the base pair A3·A25 nor the base pair G2·A26 were formed. The mutant analysis (Fig. 2) , however, indicates that helix H1 is continuous, with single canonical base pairs at positions 4-24, 3-25 and 2-26 supporting catalysis. This allows us to exclude the geometry of the A4·A24 base pair that is incompatible with helical stacking and to assign this base pair to the cis WC-WC geometry with hydrogen bond A4-N1 -A24-N6. In the next structure calculation, the geometry of only the A3·A25 and G2·A26 base pairs was left unrestrained. The NOEs drove the G2·A26 base pairs unambiguously to the cis WC-WC geometry with G2-N1 -A26-N1 and G2-C6 -A26-N6 hydrogen bonds. Similarly, for the A3·A25 base pair, the structures converged to the cis WC-WC geometry with 60% having the hydrogen bond between A3-N6 -A25-N1 and the remaining 40% having the hydrogen bond between A3-N1 -A25-N6. To further distinguish between the two cis WC-WC geometries of the A3·A25 base pair, we performed one structure calculation run with each of the geometries. The structures with
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hydrogen bond between A3-N6 -A25-N1 had a lower total energy and less NOE violations than those with the A3-N1 -A25-N6 hydrogen bond, clearly confirming the first pattern.
An analogous strategy was used to define the geometry of the non-canonical base pair A35·A44. The structures, calculated without imposing any base pair topology, converged to the trans Hoogsteen-WC geometry with hydrogen bond between A35-N6 -A44-N1 in 70% of the low energy conformers.
Structure calculations.
Structures were calculated using the Aria 1.2/CNS 1.1 set-up 7, 8 . 1234 unambiguous and 105 ambiguous NOE distances were categorized as weak (2.0 -5.5 Å), medium (2.5 -4.0 Å) or strong (1.8 -3.0 Å) ( Table 1 During the calculations, hydrogen bonds were maintained by distances restraints, while planarity was enforced through weak planarity restraints (5 kcal mol
).
200 structures were calculated in one iteration without using the automated assignment or the distance calibration options of Aria 1.2. The simulated annealing (SA) protocol starts with a high-temperature torsion angle simulated annealing phase with 100,000 steps at 20,000 K (time step of 25 fs). This is followed by a torsion angle dynamic cooling phase from 20,000 K to 2000 K in 20,000 steps and by two cartesian dynamic cooling phases with a time step of 3 fs (from 2000 K to 1000 K in 100,000 steps and from 1000 K to 50 K in 280,000 steps, respectively). The final ensemble of 20 structures was refined in a shell of water molecules [10] [11] [12] .
S6
The final structures showed no NOE (> 0. The model of the active state was calculated in a similar manner as the structure of the inactive state. In addition to the NMR derived restraints defining the structure of helix H1
and of the 3'-terminal pseudoknot, hydrogen bonds restraints were added between A48-N6 and N7 and A26-N7 and N6, respectively; coplanarity was imposed for the base rings of A26 and A48. A distance restraint of 2.5 ± 0.5 Å was imposed between the G1-P and the A48-2'-O. NOEs stemming from A31 and G49 were eliminated to allow for rearrangements of the relative position of the 5'-terminal helix and the 3'-terminal pseudoknot in the active state.
Positioning of the Mg 2+ ions.
Molecular Dynamics of the 2'-5' AG1 lariat-forming ribozyme were prepared using the AmberTools 11.0 suite and run using AMBER 11 14 . The system in analysis consists of a molecule of ribozyme whose charges are counter-balanced by K + ions. The molecular dynamics were set in explicit TIP3P water 15 forming an octahedral layer of 12 Å around the RNA. We used the F99SB force-field 16 to which guanosine triphosphate parameters were added 17, 18 . Ion parameters were used as in the AMBER force field. Prior to the dynamics, the K + ions were randomized in different runs using independent randomization seeds, so that inter-ions or RNA-ions distances were > 5 Å. . The ions that were found to reside for more than 50% of the simulation time closer than 3.5 Å to the ribozyme were collected from all runs. ) were imposed between bases A48 and A26. The cutoff particle-mesh Ewald for the non-bonded longrange electrostatics was set to 10 Å.
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Overview of non-canonical base pairs in the 2'-5' AG1 lariat forming ribozyme, determined by NMR data, as explained in the Supplementary Methods. Figure S1 . Fig. 3d ).
Base pair Base pair type Hydrogen bonds
The relative position of the two domains is variable. Color code: nucleotides 1-27, orange; 32-35, 38-41, 44-47 and 55-58, green; all others, gray.
